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Abstract. Heat pipes are among the most promising technologies for space radiator systems. Water heat pipes are
explored in the intermediate temperature range of 400 to above 500 K. The thermodynamic and thermo-physical
properties of water are reviewed in this temperature range. Test data are reported for a copper-water heat pipe. The heat
pipe was tested under different orientations. Water heat pipes show promise in this temperature range. Fabrication and
testing issues are being addressed.

INTRODUCTION

The National Aeronautics and Space Administration (NASA) is developing advanced space power conversion
systems for deep space science missions. As part of the effort, the requisite radiator technologies for rejecting large
amount of waste heat into space are also developed. To realize the objectives of higher efficiency and minimize the
radiator area and mass, the heat rejection temperature range of 400 — 700 K is considered as an envelope.

Heat pipes are among the most promising technologies for space radiator systems. A heat pipe is a passive, two-
phase sealed device that rapidly transports large amount of heat with minimal temperature drop. The operational
temperature range of the given application determines the type of heat pipe technology to be employed. The
temperature range of 400 - 700 K is defined as intermediate for the purpose of heat pipe technology classification
(Devarakonda and Olminsky, 2004).

Intermediate heat pipe technologies are much less developed compared to ambient and high temperature heat pipes.
Above 700 K, alkali metal heat pipes are in a mature stage of technology development. Ambient temperature heat
pipe technologies (roughly 200 to 400 K) have been quite advanced because of their wide ranging applications in
commercial electronic cooling and others, with copper-water heat pipes being the most widely used. The
recommended maximum temperature for water heat pipe operation is about 400 K because life test data are available
only up to this temperature. While it is possible to use water as the heat pipe working fluid possibly up to 550 K, test
data have not been available at higher temperature range (Devarakonda and Olminsky, 2004).

NASA Glenn Research Center has been investigating many aspects of the intermediate heat pipe technology in
relation to its application in the thermal management of advanced space power systems, in particular, radiators. The
technology development is done in two directions. The first is the development of new heat pipe technologies for the
temperature range considered. A number of potential heat pipe fluids are evaluated based on their thermo-physical
properties. Thermo-chemical compatibility studies are currently carried out with potential envelope and wick
materials (Devarakonda and Olminsky, 2004; Anderson et al., 2004; Devarakonda and Anderson, 2005).

Simultaneously, the use of water heat pipes for potential intermediate temperature operation is explored. The critical
point of water is 647 K. From thermodynamic property consideration, the rule of thumb for maximum heat pipe
operational temperature is about 100 K below the critical temperature of its working fluid. Hence, it may be possible
to utilize water heat pipes in the range of 400 to 550 K, provided some technology issues are addressed.

"National Research Council—NASA Research Associate at Glenn Research Center
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Available copper-water heat pipe performance test data (Devarakonda and Olminsky, 2004) show that water heat
pipes have a peak performance around 420 K and drops at temperatures higher than this; however, the heat pipes do
perform well at higher temperatures. The peak performance temperature seems to be dependent only on the
thermodynamic properties of water and not on other factors like the length and the diameter of the heat pipe, the
wick structure or the metal properties. The drop in heat transfer rates at higher temperatures can be offset with larger
diameter heat pipes. There is need for performance and life test data for water heat pipes in the temperature range of
400 to 550 K. The water heat pipe test data available in literature are in the range of temperature below 400 K,
mostly geared toward electronic cooling applications within the ambient temperature heat pipe range, roughly
defined as 200 to 400 K. Test data have not been available in the intermediate temperature range, 400 to 700 K.
NASA Glenn Research Center has undertaken a testing program of water heat pipes in this latter temperature range.

WATER PROPERTIES

Water has the most desirable properties within the ambient temperature heat pipe range of about 300 to 400 K given
by its vapor pressure and merit number. Its vapor pressure in this range is not too high compared to atmospheric
pressure. However, at temperatures higher than 400 K, its vapor pressure is much higher as shown in Fig. 1. With
such high vapor pressures, the issues that need to be addressed are the increased thickness of the envelope to
withstand this high pressure; and the necessity of strong braze/welds for the end-cap. Increased thickness has an
advantage in protecting the heat pipe from possible micro-meteoroid impacts while the drawback is the added mass
to the radiator system. These issues are particularly important for water heat pipes above 500 K, because the vapor
pressure in the heat pipe then would be more than about ten times atmospheric pressure.

Commercial copper-water heat pipes used in electronic cooling mostly sintered powder wicks. The heat pipe length
varies between 6 in and 18 in depending on the applications. If the heat pipe is long (~ 1m), as is likely in space
applications, the wick structure will be an important technology issue. It is difficult to sinter in a long pipe because
of the associated problems with mandrel as well as potentially less structural strength in the wick.
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FIGURE 1. Vapor Pressure of Water within the Intermediate Temperature Range.

In the evaluation of potential heat pipe fluids, a useful merit number is defined based on the thermo-physical
properties of the fluid (variously called the liquid transport factor and the figure of merit), M, given by
(Devarakonda and Anderson, 2005)
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Figure 2 gives merit number data for water in the intermediate temperature range. Water has very high merit number
(or liquid transport factor) until about 550 K and then drops off steeply. It appears then worthwhile to explore water as
a potential heat pipe fluid up to 550 K by addressing the technology issues as discussed above. In addition, life test data
at these higher temperatures need to verify that water is chemically stable, i.e., it does not dissociate or ionize. Long
term high temperature thermo-chemical compatibility with envelope and wick metals also needs to be proven.

1.00E+12

1.00E+11

Merit Number (W/m 2)

1.00E+10

300 350 400 450 500 550 600 650

Temperature (K)

FIGURE 2. Merit Number (M) for Water as Intermediate Temperature Heat Pipe Fluid.

Water as a heat pipe fluid is known to be compatible with copper in electronic cooling applications. Titanium-water
heat pipes have also been made and tested (Anderson et al., 2004). Titanium appears to be a good candidate metal

for aerospace applications because of its many desirable properties, such are low density, high strength and
conductivity.

INTERMEDIATE TEMPERATURE WATER HEAT PIPE TESTS

Commercial copper-water heat pipes are being tested at NASA Glenn Research Center above 400 K to demonstrate
their intermediate temperature working capability. This paper reports the preliminary results. Since the heat pipe is a
sealed device, no measurements can be made inside the pipe. The external testing of heat pipe is simple in
conception. The evaporator region is heated, the condenser region is cooled, and the heat transfer rate and the
temperatures at various axial locations on the surface of the heat pipe are measured.

The type of cooling employed at the condenser depends on the objective of the testing. If the maximum heat transfer
capability of the heat pipe is to be determined, then the condenser region can be actively cooled by various means,
for example, by providing fins and blowing air over them. In the current testing program, our goal is to stretch the
maximum operational temperature of the water heat pipe beyond 400 K. Hence the tests are conducted under
ambient (room) conditions where the only mode of cooling the condenser region of the heat pipe is by natural
convection and without any surface area enhancement (like fins).

Figure 3 shows a sketch of the experimental setup. The evaporator region of the heat pipe is inserted into a heater

block. Thermal grease is used between the heater block and the cartridges and between the block and the heat pipe to
improve thermal contact. The heater block is insulated well with insulation-tape.
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Six thermocouples are used to record the temperature along the heat pipe surface. A variable power transformer is
used to control the temperature in the block by monitoring the three attached thermocouples. They should show
essentially the same temperature. This factor is important to demonstrate that the heater block works has a lumped
heat capacity system and has no internal temperature gradients. The heater temperature is taken to be the arithmetic
average of the three temperatures.

A voltmeter and an ammeter were used to measure the voltage and the current, so that the power supplied to the
heater could be calculated.
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. . . . . .
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FIGURE 3. A Sketch of the Experimental Setup.

Test Procedure and Results

Test results are presented here for a copper-water heat pipe 1 in diameter and 6 in long. This heat pipe consists of a
high performance sintered copper powder wick and a working fluid of de-ionized distilled water.

Electric power was supplied in increments of about 10 W through a cartridge heater inserted into the heater block.
Measurements were recorded under steady-state conditions. The heat pipe was judged to be under steady-state
operation if there was no change in its operational temperature in a fifteen minute time span.

The axial temperature drop (Ts-Tc) from end to end of the heat pipe is less than 2 °C for all data measured; in most
cases it is ~ 1 °C. The five thermocouples placed along the length of the heat pipe on its surface (Fig. 3) essentially
showed the same temperature. The operational temperature is taken to be the arithmetic average of these five
thermocouple measurements. Power supplied to the evaporator is calculated as the product of the heater cartridge
voltage and the current (voltmeter and ammeter readings).

Figure 4 shows the operational temperature for the heat pipe under different orientations. The condenser end of the
heat pipe is above the evaporator in the gravity aiding (g-aiding) orientation and the evaporator is above in the g-
opposing orientation. The heat pipe continues to perform well beyond an operational temperature of 450 K in all
orientations. The orientation does not have a significant impact on the heat pipe performance under natural
convection cooling. The heat transfer continues to improve/increase with the increase in operational temperature.

In horizontal orientation, the heat pipe is tested under much higher temperature as shown in Fig. 5. The heat pipe
continued to perform even above 500 K without any drop in performance under natural convection conditions. The
heat pipe tested was not manufactured to withstand much higher pressures than this and hence it was not possible to
test at higher temperatures. Additional testing with structurally stronger copper-water and titanium-water heat pipes
will be undertaken at NASA Glenn Research Center.

As pointed out above, this test was not designed for measuring the maximum possible heat transfer at the given
temperature. For that purpose, the condenser region needs to be equipped with various ways of cooling (or heating
to a temperature just below the temperature of the evaporator). The heat transfer rate depends on the ambient
conditions (i.e., the cooling of the condenser region) prevalent in a given application. Hence separate and elaborate
test procedures need to be designed for that purpose. In the present testing, our goal is to determine experimentally
the upper operational temperature limits of a copper-water heat pipe.
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FIGURE 4. Operational Temperature of Water Heat Pipe with Various Orientations.
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FIGURE 5. Higher Operational Temperature (> 500 K) Tested Under Horizontal Orientation.
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From the measurements we have so far made, it looks feasible to extend the operational temperature range of water
heat pipes above 500 K. The associated fabrication and testing issues are currently being addressed.

CONCLUSIONS

Water heat pipes are considered as intermediate temperature (400 to 700 K) heat pipes for space thermal
management applications. Available test data are within the ambient temperature range typical of terrestrial
electronic cooling applications. This paper reported experimental data of a copper-water heat pipe under different
orientations at higher temperatures, 350 to above 520 K. Nearly identical high thermal performances were realized
in all orientations with reference to gravity. Water heat pipes are promising at temperatures above 500 K. Vapor
pressure of water at these temperatures is rather high and fabrication technology and testing conditions are some of
the issues that need to be addressed.

NOMENCLATURE
M = merit number, or liquid transport factor (W/m?)
Tc = heat pipe condenser temperature
Ty = heat pipe evaporator temperature
A = latent heat of evaporation (J/kg)
ML = viscosity of liquid (kg/m s)
pL = density of liquid (kg/m®)
o = surface tension (N/m)
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